Bovine viral diarrhoea virus (BVDV) is the prototype virus in the genus Pestivirus of the family Flaviviridae that is also represented by the recognized species border disease virus (BDV) and classical swine fever virus (CSFV) (King et al., 2012) . Several atypical pestiviruses have been identified, but Bungowannah virus is the most divergent pestivirus ever reported (Kirkland et al., 2007; Liu et al., 2009 ) and has been shown to be the causative agent of the so-called 'porcine myocarditis syndrome' (Finlaison et al., 2009; Kirkland et al., 2007; Liu et al., 2009) . Up to now, it has only been identified in Australia on a single farm, and its origin still remains unknown. Pestiviruses are adapted to their natural hosts and, with the exception of CSFV, they can infect other animal species in the order Artiodactyla (Becher et al., 2003; Carlsson & Belák, 1994; Grøndahl et al., 2003; Løken, 1995; Nettleton, 1990) . BVDV and BDV show the broadest cell tropism in vitro, and have the potential to infect cell lines derived from a variety of cloven-hoofed animals (Fernelius et al., 1969) . However, the highest susceptibility and replication efficiency can be observed in cells of the homologous animal species (Ferrari, 1985; Nettleton et al., 1998) . Previous reports about testing cell lines for pestivirus contaminations have shown that a restricted spectrum of cells, mainly from pigs and ruminants, was affected and human cells were refractory to BVDV infection (Audet et al., 2000; Bolin et al., 1994) . Replication of pestiviruses in bat cell lines has never been detected. However, Wu et al. (2012) recently described the detection of a partial genome sequence of a novel pestivirus (RaPestV-1) in bats in China.
We therefore studied the in vitro cell tropism of Bungowannah virus and tested a panel of 19 different cell lines of bovine, ovine and porcine origin, including cell lines, which are considered to be non-permissive for the classical pestiviruses, e.g. of monkey, bat, human and mouse origin. All cells were obtained from the Collection of Cell Lines in Veterinary Medicine at the Friedrich-Loeffler-Institut, Insel Riems, Germany (CCLV). In cell culture studies, Bungowannah virus, BVDV-1 (NADL, CP7), BVDV-2 (CS 8644), and the atypical pestiviruses 'HoBi', 'Giraffe' and 'Pronghorn' were included (Tables 1 and 2 ). In the first study, several cell cultures (listed in Table 1 ), were inoculated with the selected panel of viruses (Table 2 ) at m.o.i. between 0.1 and 1.0. At 72 h post-inoculation (p.i.), virus replication was monitored by specific immunofluorescence (IF) staining. Surprisingly, the in vitro tropism of Bungowannah virus differed markedly from the classical and atypical pestiviruses as well. Cell lines from African green monkey (VERO76), bats (FLN-R; FLG-R; FLG-ID) and the human cell lines, HuH-7 and HEK-293T, were fully permissive for Bungowannah virus, exclusively (Table 2) . Interestingly, two mouse cell lines (MN-R and Na42/13) could also be infected, but in MN-R cells, Bungowannah virus could be propagated only for a single cycle. In order to characterize the in vitro growth of Bungowannah virus in comparison to the classical pestivirus BVDV-1 strain CP7, experiments were conducted to investigate the efficiency of virus replication (TCID 50 assay). The BVDV-1 and Bungowannah virus preparations were adjusted to a titre of 10 6 TCID 50 ml 21 in the cell system, where the highest titres had been determined. Six cell lines (indicated in Fig. 1a) were inoculated with the viruses by limiting dilution (0.1 ml; log 10 steps from 10 21 to 10
27
; eight wells per dilution step ). In SK-6 cells, the efficiency of virus replication was markedly reduced to 10 4.250 TCID 50 ml 21 and only foci of infected cells could be observed (Fig. 1a, b) . In VERO and HuH-7 cell cultures only a very few single BVDV-infected cells could be detected, even after inoculation with the undiluted virus suspension investigations with recombinant chimeric pestiviruses demonstrated that the glycoprotein E2 determines the host cell tropism (Liang et al., 2003; Rasmussen et al., 2007; Reimann et al., 2004) . In order to outline the importance of the viral envelope of Bungowannah virus for its in vitro cell tropism, we generated a BVDV-1/Bungowannah virus chimeric cDNA construct pA/CP7_C-E2-Bungo with a BVDV backbone and a complete Bungowannah virus envelope ( Fig. 2a ; more detailed information will be given on request). The in vitro-transcribed RNA of pA/CP7_C-E2-Bungo was able to replicate autonomously in bovine KOP-R cells, as shown by IF staining with panpesti NS3-specific mAb C16 (Institute of Virology, Tierärztliche Hochschule Hannover, Germany) at 72 h post-transfection (p.t.) (Fig. 2b) . The expression of the Bungowannah virus envelope proteins E rns and E2 could be demonstrated by IF staining, using two Bungowannah virus-specific mAbs directed against E rns (682/43C3) or E2 (682/45F12) (M. Dauber, Friedrich-Loeffler-Institut, Insel Riems, Germany) (Fig. 2b) . Recombinant virus vCP7_C-E2-Bungo could be isolated and easily propagated in bovine, as well as in porcine cells as demonstrated by IF staining (Fig. 2c) .
Nevertheless, the chimeric virus vCP7_C-E2-Bungo with a complete Bungowannah virus envelope did not display the same cell tropism as wild-type Bungowannah virus, and showed a mixed phenotype. Bungowannah virus was able to infect all of the investigated cells easily and most of the cell lines were also susceptible to the chimera, however, mouse Na42/13 and bat FLN-R cells could not be infected by the chimera, like BVDV CP7. Only single foci of vCP7_C-E2-Bungo-infected cells could be detected in FLG-R, FLG-ID and HuH-7 cells (Fig. 1b) . Also for an efficient infection of VERO cells, the Bungowannah virus envelope does not seem to be sufficient. Indeed, compared with the BVDV CP7 backbone, the efficiency of virus replication was slightly higher in VERO, FLG-R and HuH-7 cells, but still remained markedly lower than observed for the donor Bungowannah virus (Table 3 , Fig. 1b ) In bovine KOP-R and porcine SK-6 cells the chimera behaved like Bungowannah virus, and the virus titres were similar in a TCID 50 assay (Table 3 ). The mixed phenotype of chimeric vCP7_C-E2-Bungo in cell culture became even more apparent in growth kinetics studies. In KOP-R cells, the differences in growth between all three viruses were only marginal and similar end titres of about 10 7 TCID 50 ml 21 at 72 h p.i. were observed (Fig. 2d) . However, the multistep growth curves indicated a clearly more efficient growth of vCP7_C-E2-Bungo in SK-6 cells compared with the parental BVDV CP7 with about 100-fold higher virus titres at 72 h p.i. (Fig. 2e ).
Because the cell tropism of Bungowannah virus could not be explained by its envelope exclusively, we were interested whether there are differences in the level of RNA replication of Bungowannah virus, BVDV and the chimera in the selected cell lines after RNA transfection. In vitro transcription of the full-length Bungowannah virus plasmid pA/BV (I. Reimann and others, unpublished) , the fulllength plasmid pA/BVDV (Meyers et al., 1996) and of the chimeric construct pA/CP7_C-E2-Bungo was carried out by using the RiboMAX Large Scale RNA Production System-T7 (Promega) according to the manufacturer's instructions after linearizing the plasmids with SmaI. RNA transfection into the cells indicated in Fig. 2 (Fig. 2f) . Both BVDV CP7 and the chimeric vCP7_C-E2-Bungo do not differ in their replication machinery and the observed comparable number of IFpositive cells following transfection was expected. Their RNA replication was completely blocked after transfection into VERO cells, while Bungowannah virus RNA replicated efficiently, as demonstrated by the expression of Bungowannah virus E rns and the generation of infectious Bungowannah virus progeny. Therefore, in VERO cells RNA replication is the essential factor for the efficient virus growth seen with Bungowannah virus (Fig. 2f) . In the mouse cell line Na42/13, the propagation of Bungowannah was very inefficient following RNA transfection and after two passages no infectious Bungowannah virus was observed. However, after direct virus inoculation, Bungowannah virus could be further passaged (data not shown). Infectious BVDV or chimeric vCP7_C-E2-Bungo could only be detected in transfection supernatants of SK-6 cells, but not in any of the other tested cell lines (Fig. 2f) . Interestingly, although HEK-293T cells were permissive for the chimeric virus in our infection experiments, it could not be recovered from transfected cells. Following RNA transfection, the titre of vCP7_C-E2-Bungo in the transfection supernatants was probably not sufficient to start growth in HEK-293T cells. Role of the Bungowannah viral envelope in cell tropism Therefore, for growth in HEK-293T cells, the viral envelope of Bungowannah virus seems to be sufficient. A dose effect could also be assumed for FLG-R and FLG-ID cells since both BVDV CP7 and the chimera replicated in these cells very inefficiently, with very few cells showing a positive IF-signal (Fig. 2f ).
In conclusion, the role of E2 as the determinant for the genetic imprinting of the in vitro cell tropism seems no longer to be not fully applicable to Bungowannah virus. We suggest that in some cases not only the viral envelope, but rather the replication machinery together with the viral envelope, is of major importance for this unique cell tropism. Unfortunately, chimeras of Bungowannah virus non-structural proteins and the BVDV backbone failed to generate infectious virus progeny (data not shown).
Finally, this is, to our knowledge, the first study demonstrating the ability of a pestivirus to efficiently infect cells of monkey, bat and human origin. Because bat cells were fully susceptible to Bungowannah virus and supported the multistep growth to high titres, it can be speculated that Bungowannah virus could have an ancestor in bat populations and subsequently adapted to pigs. Such a hypothesis is further strengthened by the recently identified partial genome sequence of a pestivirus in bat samples (RaPestV-1) (Wu et al., 2012) . Furthermore, in African, American and Asian bats, viruses of the family Flaviviridae . Briefly, confluent monolayers of KOP-R and SK-6 cells were inoculated with the parental BVDV CP7, the donor Bungowannah virus and the chimeric virus vCP7_C-E2-Bungo, respectively, at m.o.i. 1.0. Virus titres in cell culture supernatants were determined as TCID 50 ml "1 in log 10 steps and titrated at the indicated time points after inoculation. (f) In vitro transcription, RNA transfection and virus rescue using selected cell lines: SK-6, VERO, Na42/13, FLG-R, FLG-ID, FLN-R, HuH-7 and HEK-293T. In vitro-synthesized RNA of full-length Bungowannah virus plasmid pA/BV, the full-length pA/BVDV and of the chimeric construct was transfected into porcine, monkey, mouse, bat and human cells. At 24 to 72 h p.t. the expression of the Bungowannah virus envelope protein E rns and BVDV NS3 was examined by IF related to the genera Hepacivirus and Pegivirus have been detected recently (Quan et al., 2013) . Bats of the order Chiroptera also have been shown to host various emerging viruses like filoviruses (Towner et al., 2007) , paramyxoviruses (Drexler et al., 2012) and coronaviruses (Li et al., 2005) .
